The present study proposes a plate heat exchanger model that is capable of simulating the supercritical fluids like CO 2 . The plate heat exchanger is of U-type configuration, and the size of the plate is 600 mm wide and 218 mm in height. Simulations are carried out for both isothermal and nonisothermal cases with water-to-water and water-to-CO 2 plate heat exchanger. The proposed model was first compared with some existing water-to-water plate heat exchanger data. Generally, the predicted water flow distributions are in line with the experimental data. Yet the simulation results of temperature distribution alongside the plate agree excellently with other predicted model. For the water side distribution within the plate heat exchanger, it is found that a detectable mal-distribution prevails and the flowrate shows a consistent decline from the first to the last plate. Basically, a larger mal-distribution is seen when the inlet flowrate is increased or when the plate number is increased. The simulation indicates that the inlet temperature of water casts negligible influence on the water flowrate distribution. By contrast, it is found that the inlet temperature difference for the CO 2 side may raise significant changes of thermodynamics and transport property of CO 2 , and result in a great difference in flow distribution. Generally the maldistribution of the CO 2 is much less severe due to more even pressure difference between the intake and exhaust manifold. The effect of pressure on heating capacity for the water-CO 2 plate heat exchanger also depends on the ratio of heat capacity flow. 
NOMENCLATURE

INTRODUCTION
The plate heat exchangers feature compact size and high heat transfer performance, and is regarded to be more advantageous than its counterpart -shell-and-tube heat exchangers. Hence they are rapidly used to replace the traditional shell-and-tube heat exchangers in many industrial applications such as dairy, food processing, paper/pulp, heating, ventilating, and other related industry [1] . Appreciable experimental studies for single-phase flow in plate heat exchangers had been reported. For example, Khan et al. [2] had mentioned tens of experimental studies in association with single phase fluid. Yet Han et al. [3] also summarized more than fifteen numerical studies concerning plate heat exchangers applicable for single-phase fluid. However, the foregoing studies, either experimental or numerical, mainly stressed on the performance of single-phase fluids like water or air. The development of high-performance heat pump water heaters using natural working fluids had received a lot attention recently as far as energy conservation and greenhouse gas reduction is concerned [4] . Among the existing natural refrigerants, carbon dioxide (CO 2 ) is especially prominent for its outstanding features like nonflammable, nontoxic, no known carcinogenic, and free from mutagenic. Moreover, using CO 2 in refrigerating systems can be regarded as an alternative form of carbon capture, thereby helping to relief the influence on climate change [5] . For the revival of CO 2 refrigeration system, the pioneering works of Lorentzen et al. [6] [7] [8] had proved that the use of CO 2 can meet the simultaneous needs for an efficient air-conditioning and for hot water production. This can be made available by operating the CO 2 system in the transcritical region [9] . Note that the critical state of carbon dioxide is at 7.8 MPa and 330 K, respectively. Therefore the heat exchanger is operated above the critical point and is known as a gas cooler. It should be mentioned that the physical properties of carbon dioxide vary drastically near the critical point, the conventional numerical simulation methods for plate heat exchanger are not applicable. As a consequence, the present study aims at the problem and seeks to include the tremendous change of physical properties such as density, viscosity and heat capacity. Since the physical properties of the carbon dioxide vary drastically at supercritical state, thus the tremendous changes of density and viscosity may impose changes of heat transfer performance and accordingly the corresponding flow distribution. For example, when temperature variation between the plates changes considerably, it will cause considerable maldistribution effect, and may affect the heat transfer performance appreciably.
Normally heat transfer characteristics of supercritical CO 2 can be regarded single-phase gas fluid, hence the famous Dittus-Boelter [10] and Gnielinski correlations [11] is roughly applicable in round tube. However, these correlations are mostly applicable to fluids having constant properties. Since CO 2 reveals significant change of property during trans-critical process. The applicability of these correlations may be limited and require deliberate examination. The departure between these correlations may become even pronounced when the temperature is close to the pseudo-critical point [12] . The horizontal pipe experiment conducted by Yoon et al. [13] reveals that change of density near the critical point has a dramatic effect on the heat transfer. The experiment conducted by Son et al. [14] also reported that the difference between the wall and center of the pipe can greatly affect the efficiency of heat transfer due to significant change in properties.
Bassiouny and Martin [15] presented a model to investigate the flow distribution of the plate heat exchangers. Meanwhile, the control volume for intake and exhaust conduit is also studied in this paper, it is assumed that the ratio of average velocity  is known and the friction loss of inlet is also negligible. In realistic cases, however, the value of  will change subject to different locations of intake and exhaust conduit. Rao et al. [16] proposed a one-dimensional model for predicting the heat transfer and flow distribution of a plate heat exchanger. However, until now, there is no model available for predicting the heat transfer characteristics of the trans-critical CO 2 in a plate heat exchanger, it is therefore the objective of this study to account for the drastic property change of CO 2 in a 145 plate gas cooler. Note that the significant change of physical property, especially heat capacity, may impose appreciable influence on the heat transfer performance. This can be made clear from Yu et al. [17, 18] who numerically and experimentally examined the transcritical heat transfer phenomenon of a tube-in-tube heat exchanger, and a local maximum is reported. Hence, it would be interested to study this phenomenon in the plate heat exchanger. Moreover, the plate heat exchangers normally consists many plates where maldistribution within the plates may occur and impair the heat transfer performance accordingly. Therefore, it is quite imperative to investigate the flow distribution and the associated heat transfer performance of the CO 2 plate heat exchangers. 
NUMERICAL MODELING AND CALCULATION
The simulation considers a one-dimensional flow for water or CO 2 alongside the plate. The plate heat exchanger is of Utype configuration, i.e. the inlet and outlet for water or CO 2 are located at the first plate. Heat lost from the plate heat exchanger to the ambient is negligible and the effect of gravity is also neglected. As depicted in Fig. 1(a) , the plate heat exchanger is consisted of cold plate (water side) and hot plate (CO 2 ) and the layout configuration of plate heat exchanger can be usually simplified with two manifolds (one inlet dividing manifold and an outlet combining manifold) and the heat transfer takes places only at the flow passages rather than at the manifolds. Because of the reverse flow direction, the hot side inlet (CO 2 side) shown in Figure 1 (b) is designated at the upper left whereas the lower right represents its outlet.
Balanced Equations
Equations used in this research is based on the formulation of a U-type PHE by Bassiouny and Martin [15] . Although the basic formulation by Bassiouny and Martin can well apply to most of the working fluids, it may not totally fit into the present supercritical CO 2 plate heat exchanger. Some minor corrections are modified as described in the following. Taking cold side for example, the control volume of the grid node is shown in Fig. 2 . Yet the corresponding momentum and mass balance equation can be written as in the following. 
(ii) Momentum conservation
(2) Exhaust manifold: (i) Mass conservation 1 1 ,
For the sake of simplicity, the terminologies of the symbol are described in the nomenclature. Besides, the turning loss into (or out of) plate channels should be taken into consideration.
For the energy balance equation, heat transfer in the manifolds is neglected. The corresponding equations are shown in the following [16] : For cold side:
For hot side:
Where LMTD is the log mean temperature difference.
Mathematical formulation
In the simulation, the plate channel is first discretized into some tiny nodes and the foregoing mass, momentum, and energy equations in each node can be summarized in a matrix to form a system of nonlinear equations. The system nonlinear equations are then solved by Newton method along with Newton downhill algorithm for quicker convergence. Before the program starts, a curve fitting on thermal properties of water and CO 2 [12] should be made. Besides, the loss coefficients (such as K L and K c from Eqs. (2) and (4) subject to different configurations and flowrates are taken from reference [19] . Detailed flow chart depicting the solution algorithm for the plate heat exchanger is given in Fig. 3 . 
RESULTS AND DISCUSSION
The proposed model is first compared with some existing data for validation. Fig. 4 is the comparison for the variation of the pressure drop and velocity distribution (in terms of ) between the predictive result and experimental data [20] . The inlet conditions and plate number is the same as those of [20] . Basically, the simulation is in line with the experimental data. Also, the calculation indicates that an appreciable falloff of pressure drop alongside the manifold. The results imply that there will be an uneven flow distribution alongside the plate. Apparently, the flowrate will decrease from the inlet toward the downstream due to detectable drop of pressure drop alongside the plate number. Fig. 4(a) and 4(b) is the comparison of the channel velocity between the predictive result and the experimental data from Rao et al. [20] . For the temperature distribution alongside the plate, comparison is also made with the simulation by Gherasim et al. [21] as shown in Fig. 4(c) . Note that Gherasim et al. [21] performed a numerical simulation for plate heat exchanger using hot water and cold water. The current calculations are made with the same plate geometry and inlet conditions. Calculated results are shown in Fig. 4(c) . Again, the prediction in this research also accord with the temperature distribution (dimensionless temperature) of Gherasim et al. [21] . The variation of the outlet temperature amid this study and theirs are within 1.5 C (about 3%). Note that the detailed geometry and the correlations for the plate heat exchangers are given in Table 1 . The foregoing results are applicable for water to water plate heat exchanger. For the present CO 2 -water gas cooler, Fig.  5 indicates the effect of the Reynolds number on the maldistribution of the flow under the isothermal state for water side. The plate numbers are 10 and 40, respectively. As shown in the figure, the flow mal-distribution increases with the rise of the Reynolds number. The results indicate that a higher inlet velocity leads to a severe mal-distribution alongside the plate. For an inlet Reynolds number of 100,000, the first plate may possess 21% higher mass flowrate than that in the last plate for n = 10. The higher mass flowrate near the entrance is mainly associated with larger pressure difference between the inlet and outlet conduit based on the calculated results. It is interesting to know that the mal-distribution becomes more and more pronounced when the number of plates increases further. In fact, difference in the mass flowrate between the first and last plate may exceed over seven times for an inlet Reynolds number of 100,000 when n = 40.
The foregoing velocity distribution for water side is made under isothermal condition. For the simulation of the CO 2 -water gas cooler, until now, there were no heat transfer and friction correlation applicable for the supercritical CO 2 . Hence the dimensionless correlation applicable for water shown in Table 1 from [20] is presumed valid and is used throughout this study. 148 Additionally, the plate geometry is the same as shown in Table  1 . However, the local gigantic change of properties of CO 2 is taken into account in the calculation alongside the plate when using the correlation during iterations. This is especially important for CO 2 Fig.   6 . For water, imposing heat exchange poses only a slight effect on the flow distribution at the first and last plate. This is because a significant difference in heat transfer rate occurring at these two plates since one side of the plate is insulated. Hence the effective viscosity increases and consequently a lower water velocity prevails. Yet the last plate experiences an even pronounced drop of velocity due to a larger temperature difference. For the rest of the plates of the cold water side, the flow distribution is analogous to those without heat transfer (Fig.  5) . The results suggest that imposing heat transfer casts very minor influence on the water side velocity distribution. This is applicable for C * ranging from 0.1 to 1. The distribution of dimensionless velocity on CO 2 side is given in Fig. 6(b) . However, it is clear from the figure that the distribution of CO 2 differs significantly from that of water. As appeared in Fig. 6(a) , the water velocity distribution shows a consistent decline alongside the plate (except the first one due to considerable heat transfer difference). For CO 2 plate and C * = 1, it is found that the flow distribution is rather uniform, yet some mal-distribution emerges when C * is decreased. The flow distribution is actually associated with the pressure difference at the intake and outlet manifold. Based on the calculated results, it appears that the pressure difference between the intake and exhaust manifold is quite even alongside the manifold direction. In this regard, one can see the flow distribution is quite uniform for C * = 1. With C * being decreased to 0.1, the velocity difference is only around 6%. One of the explanations of the more uniform distribution of the CO 2 channels is for being operated at a very extremely high pressure. The results imply that the frictional pressure drop across the plate channel is much lower than the corresponding system pressure, thereby a better uniformity of the CO 2 is achieved. As C * is reduced, it appears that the CO 2 may pass through the pseudo-critical temperature, leading to an appreciable change of properties such as heat capacity, density, and the like. As a consequence, the drastic change of property leads to change of heat transfer performance and its interaction with the water side leads to a comparatively uneven flow distribution as compared to that of C * = 1. Note that at C * = 1, the exit temperature of CO 2 is around 330 K which is still above the pseudo-critical temperature. Hence the property change is much small and accordingly its influence on velocity is relatively small. Fig. 7 ) and C * = 0.5 (case 3), we can find that the flow rate of CO 2 has risen fivefold while the heat transfer rate has increased nearly threefold. The significant rise of heat transfer rate suggests that the control resistance falls in the CO 2 side. Moreover, the heat transfer performance is considerably improved for the operation may pass through the pseudo-critical point. The effect of inlet pressure of CO 2 on the total heat transfer rate for an inlet C * =1 and C * = 0.002 are depicted in Fig. 8 . Basically the heat transfer rate rises with the rise of inlet pressure. For C * = 1 as shown Fig. 8(a) , one can see that the total heat transfer rate increases with the rise of inlet pressure. This is somewhat expected for the effective heat capacity alongside the plate for a larger system pressure like P = 12 MPa is higher than that of P = 10 MPa as shown in Fig. 10(a) . Basically, the outlet temperature of CO 2 is higher than the corresponding pseudo-critical temperature. In this sense, there is no significant change of heat capacity and the heat transfer coefficient. As a consequence, one can expect a moderate increase of heat transfer rate with the rise of system pressure. Thus, for C * = 0.002 as shown in Fig. 8(b) , one can see that the heat transfer rate of 12MPa is expected higher than that of 10MPa. As shown in Fig. 9 , however, the heat flux of 12MPa is slightly increased with the change of location along the plate but followed by a slight decline. Conversely, the heat flux of 8 MPa shows a noticeable increase after x/L > 0.5 which is different from the other two cases. Basically, the phenomenon is associated with the transcritical phenomenon of CO 2 . Note that the heat capacity of CO 2 will undergo a tremendous increase when the temperature is near the pseudo critical temperature. Yet this phenomenon becomes more pronounced when the system pressure is close to the critical pressure. In this regard, it is expected that the pseudo-critical temperature may occur somewhere in the plate channel when C * is reduced, see Fig. 10 for the heat capacity variation subject to various system pressure. Therefore, a gigantic rise of heat capacity as shown in Fig. 10(b) is encountered. Note that the abscissa in Fig. 10 represents the 150 location along the plate (A total of 10 grids are used in each plate for this simulation). On the other hand the sharp rise of heat capacity will follow by a sharp decline. Hence the substantial rise of heat capacity does not ensure an effective rise of average heat capacity. If the average heat capacity in the plate is higher than the average value at a high pressure such as in Fig. 10(b) , one would expect an appreciable heat flux recovery at P = 10 MPa at some specific position within the plate. In the meantime, despite a sharp rise of heat capacity also emerges for P = 8 MPa, but again a sharp decline is also encountered when CO 2 flow is passing through the pseudocritical point where the corresponding average heat capacity may be still lower than that of higher pressure, thereby a lower heat transfer rate prevails. The corresponding heat capacity for C * = 1 for P = 8MPa, 10 MPa and 12 MPa is shown in Fig.  10(a) . As seen in the figure, the CO 2 flow did not pass through the pseudo-critical point, and as a result a continuous rise of heat transfer rate vs. system pressure is shown. 
CONCLUSIONS
In this study, a plate heat exchanger model capable of handling supercritical like CO 2 had been proposed. The plate heat exchanger is of U-type configuration, the plate spacing is 2.9 mm and the plate thickness is 0.8 mm. The size of the plate is 600 mm wide and 218 mm in height. The proposed model takes into account the influence gigantic property change of CO 2 . Simulations are carried out for both isothermal and nonisothermal cases and were compared with some existing data for water-to-water plate heat exchangers. Based on the foregoing discussions, the following conclusions are made.
1. The proposed model was first compared with some existing water to water plate heat exchanger data. Generally, the predicted water flow distributions are in line with the experimental data. Yet the simulation results of temperature distribution alongside the plate also agree excellently with other predicted model.
2. For the plate heat exchanger in the water side, it is found that a detectable mal-distribution is found in associated with the inlet flowrate at the manifold. Basically, larger mal-distribution is encountered when the inlet flowrate is increased. In addition, the mal-distribution also increases with the rise of plate number. In the worst case, a seven-fold difference can be encountered between the first and last plate. Normally the largest flowrate occurs at the first plate. However, with imposing heat transfer, the flow rate at the first plate may be slight reduced due to the uneven heat transfer rate at the first plate.
3. The simulation indicates that the inlet temperature of water casts negligible influence on the water flowrate distribution. This is because the density variation for water is quite small 151 with the temperature. By contrast, it is found that the inlet temperature difference for the CO 2 side may raise significant change of thermodynamics and transport property of CO 2 , and result in a great difference in flow distribution. For the water side, it is found that the flowrate normally declines alongside the manifold. However, the flowrate distribution of CO 2 is rather uniform due to its much higher system pressure. However, the flow distribution of CO 2 also depends on C * , smaller C * may reverse the flow distribution to increasing trend rather commonly observed decreasing trend despite the variation from plate to plate is still quite small.
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